Abstract
Introduction
For several decades, the adult heart was considered a post-mitotic organ, devoid of progenitor cells that contribute to homeostasis or restoration of damaged tissue after acute or chronic injury. However, this lack of intrinsic regeneration capacity has recently been contested by two studies that reported cardiomyocyte renewal in human beings [1] and replacement of adult cardiomyocytes by cells from a ␣MHC-negative cell source after cardiac injury in the mouse [2] . Despite The identification of small cells in the adult heart that expressed stem cell markers and had telomerase activity [3] led to the isolation and characterization of several human adult cardiovascular progenitor cell populations [4] [5] [6] . These cells have been proposed as an ideal source for cardiac stem cell-based therapy to repair the injured myocardium [7] . Recently, we have isolated cardiomyocyte progenitor cells (CMPCs) from human heart biopsies [8, 9] . Foetal 
and adult heart-derived CMPCs showed similar phenotypes and expression patterns of early cardiac transcription factors. Stimulation with 5-azacytidine and transforming growth factor beta (TGF␤) resulted in the formation of cardiomyocytes within 3-4 weeks with high efficiency (93-98% ␣-actinin-positive
cardiomyocytes with foetal CMPCs compared to 84-93% when using adult CMPCs) [8] . Both of these cardiomyocyte populations expressed a striated pattern of sarcomeric proteins [8] . Electrophysiologically, CMPC-derived cardiomyocytes (CMPC-cm) have a rather mature phenotype [8, 10] . Similar to human cardiosphere-derived cells [4] and c-Kit-positive cardiovascular progenitor cells [6] , CMPCs are able to form cells expressing endothelial and smooth muscle cell markers [8] . 
Materials and methods

Cell isolation
Informed consent procedures were followed and prior approval of the ethics committee of the University Medical Center Utrecht was obtained. CMPCs from human foetal and adult hearts were isolated by magnetic-activated cell sorting (MACS) as described previously [8, 11] [8, 11] and KWGF cells were plated on top the next day. [13] .
Angiogenesis assays
Adipogenic differentiation
To induce adipogenic differentiation [14] 
Osteogenic differentiation
For osteogenic differentiation [15] Table S1 .
Western blot analysis
Western blot analysis was performed as described before [8] 
Flow cytometry
Flow cytometry was performed as described before [8] .
Primary antibodies used were for FITC-or PE-conjugated mouse stem cell antigen (Sca)-1 and human CD105, c-Kit, MDR-1 or PECAM (all from Pharmingen BD, Erembodegem, Belgium). For ␣SMA (Dako), a two-step protocol was followed using a goat-anti-mouse secondary antibody.
Immunocytochemistry
Immunocytochemistry was performed as described previously [8] .
Primary antibodies used were for human PECAM (Santa Cruz), ␣SMA (Dako), ␣-actinin (Sigma) and Connexin 43 (Zymed, Breda, the Netherlands). Secondary antibodies were Cy3 donkey-anti-goat (Dako), 488 nm goat-anti-mouse and 555 nm goat-anti-rabbit (both from Invitrogen, Breda, the Netherlands) or DaM-TR and GaR-FITC (both from Jackson ImmunoResearch, Suffolk, UK).
Telomerase activity
Telomerase activity was measured in proliferating CMPCs using a telomeric repeat amplification protocol (TRAPeze) according to the manufacturer's protocol and analysed on polyacrylamide gels.
Electrophysiology
To measure resting membrane potentials (RMPs) in CMPCs, cells were cultured in media appropriate for undifferentiated or differentiated cells [8, 11] . Determination of membrane potential was performed as described earlier [8] 
Results
Proliferation and cardiomyogenic differentiation of CMPCs
CMPCs derived from both foetal and adult human heart tissue show a similar spindle-shaped morphology (Fig. 1A) Fig. 2A ). The KWGF cell-induced lower RMP subsequently resulted in inhibition of spontaneous beating in fCMPC-cm (Fig. 2B-C 
Angiogenic properties of foetal versus adult CMPCs
To compare the angiogenic potential of foetal and adult CMPCs, fCMPCs and aCMPCs were cultured on Matrigel and stimulated with VEGF. Both populations formed a capillary-like network (Fig. 3A) . Quantification of the tube-like structures revealed that aCMPC formed longer and thicker structures with less junctions (Fig. 3C) (Fig. 3D ). Consistently, the protein level of PECAM was lower in aCMPCs than fCMPCs, while SMA protein was higher in aCMPCs when cultured under angiogenic conditions (Fig. 3E) and in an angiogenesis assay (Fig. S4) Fig. 4A and B) . Adult CMPC cultures hardly showed any vacuoles positive for Oil Red O (Fig. 4A and B) . We further quantified the degree of adipogenesis on a marker gene expression level using qRT-PCR (Fig. 4C and Fig. S5 ). After adipogenic induction, a significantly larger increase of leptin, adipsin and PPAR␥2 expression, and decrease of the inhibitor CCN1 were observed in fCMPCs compared to aCMPCs (Fig. 4C ). (Fig. 5A) . Although the expression of the osteogenic transcription factor Runx2 and growth factor CTGF were up-regulated in fCMPCs (Fig. 5B) , the expression levels remained very low, especially when compared to differentiated MSCs (Fig. S6) . Therefore, substantial osteogenic differentiation remained absent in both fCMPCs and aCMPCs. neonatal and adult stages [19] [20] [21] . Additionally, progenitor cell ageing has been associated with a decline in function and plasticity [22, 23] [30] . Together, our observations and those of others [23] suggest that the effect of a foetal versus adult origin on the developmental potential of stem/progenitor cells may be a general biological phenomenon that should be taken into account when deciding on the optimal cell source for experimental and clinical purposes [31] . [8] . This supports our conclusion that foetal and adult CMPCs truly have a distinct developmental potential. CMPCs were isolated from the human heart with an antibody raised against mouse Sca-1, which was described earlier to recognize cardiovascular progenitor cells in mouse hearts [32] [33] [34] . The human antigen recognized by this antibody is yet unknown and may or may not be related to the murine antigen, since no human Sca-1 homologue has been identified to date [35] . Identification of the protein bound by the antibody will allow generation of more specific antibodies for CMPC isolation and help to unravel the developmental origin of CMPCs. 
. Immunostaining for PECAM and ␣-smooth muscle actin (␣SMA) revealed the presence of endothelial-and smooth muscle-like cells within the cords (Fig. 3B). Interestingly, pronounced staining for PECAM was observed in fCMPC cultures, although aCMPC cultures showed a stronger reactivity for ␣SMA. Adult CMPCs also showed higher mRNA expression of smooth muscle myosin heavy chain (SM-MHC), and lower expression of Tie-2 and VE-Cadherin, compared to fCMPCs
Adipogenic potential of foetal versus adult CMPCs
To assess their potential to differentiate into other cell types of mesodermal origin, CMPCs were subjected to an adipogenic differentiation protocol. Albeit less efficiently than MSCs, fCMPCs formed significantly more lipoprotein-containing vacuoles than aCMPCs and non-stimulated controls (
Osteogenic potential of foetal versus adult CMPCs
After induction of osteogenesis, only MSCs, and not foetal or adult CMPCs, showed osteogenic differentiation, as shown by positive staining for alkaline phosphatase and Alizarin Red S
Discussion
Progenitor cells are abundantly present in the embryo, but their number decreases substantially during development to foetal,
Comparisons with other cell types
Implications of developmental plasticity
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